Increasing the dietary intake of K reduces the Mg absorption from the forestomachs of ruminants by decreasing the apical membrane potential and increasing the transepithelial potential difference (V t ). To evaluate genetic variations in the dependence of Mg absorption on K intake, we performed Ussing chamber experiments and studied the effect of V t on #)Mg fluxes across rumen epithelium from different breeds of sheep. All breeds showed net absorption of Mg (J Mg was almost identical in all breeds of sheep (k30 to k45 % for a 25 mV increase in V t ). The effect of V t on J Mg ms revealed a V t -dependent and a V t -independent component of transcellular Mg absorption in all breeds. Considering the driving forces for these two Mg transport mechanisms, the effect of K on Mg absorption will mainly depend on the feeding regimen, i.e. dietary K must have a relatively higher effect on Mg absorption at low Mg intake levels, which explains the correlation between pasture quality and tetany frequency as well as the missing effect of K on Mg status in some older studies.
INTRODUCTION
It is well known that an increased dietary intake of potassium (K) reduces the apparent Mg availability in ruminants (Kemp et al. 1961 ; Newton et al. 1972 ; Greene et al. 1983) due to a decreased Mg absorption from the forestomachs (Tomas & Potter 1976 ; Care et al. 1984 ; Martens & Blume 1986 ). An increase in ruminal K concentration ([K] m ) is accompanied by an increase in transepithelial potential difference (V t , blood side positive ; Harrison et al. 1964 ; Ferreira et al. 1966) , which is caused by a depolarization of the apical membrane potential (V a ) of rumen epithelial cells (Leonhard-Marek & Martens 1996) . The depolarization of the apical membrane and the decrease in mucosal to serosal (ms) Mg flux both depend on log [K] m (Leonhard-Marek & Martens 1996) , which suggests that the change in V a represents the link between increased ruminal K concentration and decreased Mg absorption. This is supported by the observation that the inhibitory effect of high mucosal potassium on Mg ms fluxes can be abolished by shortcircuiting the epithelium, i.e. by eliminating the Kinduced increase in V t (Martens et al. 1987 a) .
There are some studies, however, which showed that an increase in dietary K had no significant influence on the apparent absorption of Mg (Bunting & Boling 1988) or the Mg level in the serum of sheep (Pearson et al. 1949) . This might indicate that the Mg transport mechanisms differ between ruminants. Possible reasons for this discrepancy could be the type of breed or the nutrition of the investigated animals.
The present study was designed to characterize the effects of V t on ruminal Mg transport in four different breeds of sheep (Merino, Schwarzkopf, Skudde and Heidschnucke). Merino and Schwarzkopf sheep have been bred for many years with the aim of rapid growth (meat and\or wool) and fed appropriately. In contrast, Skudde and Heidschnucke are typical local breeds which traditionally have been kept under poor conditions on marshland or heather.
Our experiments show that the Mg ms flux included two components in all breeds : one that varied with V t and one that was independent of it. Net Mg transport was significantly higher in Merino and Schwarzkopf than in Skudde sheep. However, the changes in Mg transport caused by variations in V t were very similar in all breeds.
MATERIALS AND METHODS

Animals
All animals, five Merino (mean body weight 66n4p 5n9 kg), five Skudde (mean body weight 18n5p2n6 kg), six Schwarzkopf (mean body weight 47n2p2n4 kg) and five Heidschnucke sheep (mean body weight 39n2p1n5 kg), were kept in metabolic cages and were fed with hay (1n2imaintenance level) at least 3 weeks prior to the experiments. The animals had free access to water.
Preparation of isolated rumen epithelium
Sheep were slaughtered and 2-3 min after exsanguination the reticulorumen was removed from the abdominal cavity. Pieces of rumen wall were taken from the ventral sac and carefully rinsed in buffer solution (maintained at 38 mC, gassed with 95 % O # \5% CO # ). The epithelium was stripped of the underlying muscle layers and the serosa while immersed in buffer solution.
Incubation
Pieces of isolated epithelium were mounted between the two halves of incubation chambers with an exposed area of 3n14 cm#. Edge damage was minimized by adding rings of silicon rubber on both sides of the tissues. Flux chambers were connected to reservoirs containing 16 ml buffer solution on each side. The solutions were kept at 38 mC and were continuously stirred using a gas lift system that supplied humidified 95 % O # \5% CO # . The length of time between slaughter of the sheep and mounting of the epithelium was 20-40 min and a further period of 20 min was allowed for equilibration of the epithelium with the buffer solution in the Ussing chamber. The standard electrolyte solution contained (in m) : 78 NaCl, 5 KCl, 25 NaHCO $ , 1 Na # HPO % , 2 NaH # PO % , 1 CaCl # , 2 MgCl # , 10 glucose, 13 Na acetate, 13 Na propionate, 13 n-butyric acid and 10 NaOH. Osmolarity was adjusted with mannitol to 300 mosm l −" . The solution had a pH of 7n4 when gassed with 95 % O # \5% CO # in the reservoirs.
Electrical measurements
Chambers were connected to a computer-controlled voltage clamp device (AC-Microclamp, Aachen, Germany). Transepithelial potential difference (V t ) was measured through KCl agar bridges which were positioned near the surfaces of the tissue and connected to calomel electrodes. Polyethylene bridges filled with buffer solution and agar delivered the application of current and were inserted into the chambers c. 3 cm from the surface of the tissue, so that a uniform density of current flow could be assumed. Tissue conductance (g t ) was determined from the change in V t caused by bipolar current pulses of 100 µA cm −# and 1 s duration. Junction potentials and fluid resistances were determined before mounting the epithelia and corrected for during the experiments. The tissues were incubated under shortcircuit or voltage clamp conditions (j25 or k25 mV) in a random manner.
Flux studies
Unidirectional fluxes of Mg# + were determined using radioactive #)Mg (#)MgCl ; Dept of Physics, Garching). The isotope was added to one side of the epithelium to yield a specific activity of 2 kBq µmol −" in the buffer solution ; the tissues were incubated 45 min for equilibration with #)Mg. Fluxes were calculated from the rate of tracer appearance on the other side of the tissue. #)Mg was counted in a welltype crystal γ-counter (Berthold Gammaszint 5300) and the counts were corrected for physical decay. Paired determination of mucosal to serosal (J Mg ms ) and serosal to mucosal (J Mg sm ) Mg fluxes were accepted only if the initial electrical parameters of the tissues (conductance, g t ; transepithelial potential difference, V t ; and short-circuit current, I sc ) differed by 25 %.
Calculations
The mathematical model used to examine the effect of V t on ion fluxes has been described by Frizzell & Schultz (1972) . Assuming that the flux of an ion may include two components, one that varies with V t and one that is independent of it, the relation between these components and the observed flux can be described by the following equation :
In this expression J "# represents the total flux of an ion from compartment 1 to compartment 2, i J "# represents the component that is independent of V t and v J "# ξ the component that varies with the electric driving force ξ. ξ is defined as :
where V "# is the potential difference across the tissue in flux direction, z the valence of the ion, T the absolute temperature, F the Faraday constant and R the gas constant. (Note : With V "# 4 0 mV, ξ approaches ' 1 '. At V "# l 0 mV, ξ is not defined, but is set to ' 1 ' because of the given approach.) Equation (1) indicates that a plot of J "# against ξ will yield a straight line with a slope of v J "# and an intercept of i J "# .
Statistics
Results are given as mean values with their standard error (...). n designates the number of tissues. The correlation between ξ and Mg fluxes was analysed by linear regression. Statistically significant differences between different breeds were evaluated using analysis of variance and the Student-Newman-Keuls method as a multiple comparison procedure. The effects of V t on Mg net fluxes across the same epithelia were evaluated using paired Student's t-test. P 0n05 was regarded as significant.
RESULTS
Effect of breed on Mg transport under short-circuit conditions
Under 
Effects of transepithelial potential difference on Mg fluxes
Increasing the transepithelial potential difference from k25 to 0 and j25 mV (polarity from the mucosal to the serosal side) caused a decrease in J Mg and ξ indicate that these fluxes include both a V t -dependent component (slope) and a V t -independent component (intercept) according to Eqn (1). There is a tendency for a larger intercept and a steeper slope in Schwarzkopf and Merino than in Heidschnucke and Skudde sheep (Fig.  1) . However, the great variance in fluxes between the animals of the same group made it impossible to detect significant differences. J Mg sm also included both a 
DISCUSSION
Effect of V t on different transport components of Mg absorption
Increasing the transepithelial potential difference by 25 mV decreased J Mg net by 30-45 % (Fig. 2) . The magnitude of this effect of V t on net Mg absorption is in good agreement with earlier in vivo and in vitro studies of different authors (Fig. 3) . Two changes in unidirectional Mg fluxes were responsible for the observed decrease in J Mg net : a slight increase in J Mg sm and a remarkable reduction in J Mg ms (Fig. 1) . J Mg sm was low under short-circuit conditions (Table 1) and varied with V t to a small extent, which indicates that the paracellular pathway has a relatively low permeability for Mg. J Mg ms was much higher than J Mg sm (Table 1) and was affected by V t to a greater extent (Fig. 1) . The slopes of the corresponding regression equations clearly differed. This implies that the V t -dependent being V t -dependent must not, however, lead to the conclusion that the K effect on Mg absorption will not exceed 32 %. The relative effect of dietary K on Mg absorption in vivo will strongly depend on the Mg concentration in the diet (see below).
Driving forces for Mg transport mechanisms
Our estimations of Mg transport components were carried out with a concentration of 2 m Mg on the mucosal side. Depending on diet, the actual Mg concentration of ruminal fluid may vary between 2 and 4 m (Storry 1961) (Schweigel et al. 1995) . Given the huge electrical gradient across the apical cell membrane, an electrogenic Mg uptake remains possible even if the concentration of free Mg within the ruminal fluid falls below 0n5 m. The V t -independent part of J Mg ms represents an electroneutral Mg transport mechanism, most probably performed by a Mg# + \2H + exchange (Leonhard et al. 1991) . Mg absorption by this mechanism therefore depends on the chemical gradients for Mg and protons across the apical cell membrane. The intracellular pH of rumen epithelium (pH i ) has not yet been measured. However, given the ranges of pH i in other epithelial cells (6n9-7n6 ; Ilunda! in 1992) , it is very likely that the pH i of rumen epithelial cells will exceed the normal pH of ruminal fluid. Mg absorption by this electroneutral transport mechanism would then only be possible at higher concentrations of Mg in the ruminal fluid.
The predominant mechanism of ruminal Mg absorption thus should depend on the level of dietary Mg intake. Low Mg intake should enhance the proportion of electrogenic Mg uptake, whereas high Mg intake should allow a greater proportion of electroneutral Mg uptake. In consequence, an increase in dietary K will be most detrimental to Mg absorption at low Mg intake, which explains the high frequency of grass tetany on pastures with a low Mg and a high K content (Kemp 1960 ; Butler 1963) . In contrast to this well-known correlation between pasture quality and tetany frequency, the addition of 5 % K to a ration did not affect the Mg content in the serum of sheep in studies performed by Pearson et al. (1949), and Bunting & Boling (1988) observed no significant effect of dietary K on Mg availability in sheep. While Pearson et al. (1949) had fed their sheep with alfalfa (lucerne) hay, which usually has a Mg concentration twice as high as normal grasses (Sleper et al. 1989) , Bunting & Boling (1988) supplied their sheep with 1n9 g Mg\day. A similar level of Mg intake (1n8 g\day) resulted in a ruminal Mg concentration of 4n2 m (Field 1983) . According to the foregoing considerations, such relatively high ruminal Mg concentrations should have allowed electroneutral Mg absorption, resulting in a small contribution of electrogenic Mg absorption to total ruminal Mg absorption. In this situation K (or V t ) can only exert a small influence on total ruminal Mg absorption, which might explain the non-significant effect of dietary K on Mg availability in these two studies.
Effect of breed on Mg transport
Individual ruminants differ in their ability to absorb Mg. Studies with monozygotic twin cows (Field & Suttle 1979) indicated that this variation may have a genetic basis. In our experiments, epithelia from Skudde sheep showed a significantly lower net Mg absorption than rumen epithelium from Merino or Schwarzkopf sheep (Table 1) . A similar observation has been made in cows, where Greene et al. (1989) reported a lower apparent Mg absorption for Jersey, Holstein and Hereford cows than for Brahman cows. In lambs, the breed of the sire had an effect on the efficiency of Mg absorption as estimated from the excretion of Mg in urine (Field et al. 1986) .
Despite the fact that the absolute value of J Mg net was lowest in Skudde sheep, the relative distribution of Ksensitive and K-insensitive Mg transport systems (Fig. 1) and hence the effect of V t on J Mg net ( Fig. 2) was similar in all breeds of sheep, which was a rather unexpected finding. Considering the different breeding programmes of these sheep, it is very likely that Heidschnucke and Skudde sheep have been fed with diets low in Mg over several generations, whereas the Merino and Schwarzkopf sheep will have been supplied with diets high in energy, protein and minerals. Obviously different Mg intakes in previous generations did not influence the relative distribution of the two Mg transport systems, indicating that the genetic information for the Mg transport proteins had been kept constant. All sheep in the present study had been kept on the same diet for 3 weeks ; the actual feeding regimen of the individual animal therefore seems to have a much higher impact on the activity of absorption mechanisms than genetic variations. Such a quick adaptation to luminal signals is a wellinvestigated feature of the Na-dependent -glucose transporter (SGLT1) in the intestine of lambs and sheep (Shirazi-Beechey et al. 1995) . The SGLT1 activity and the SGLT1 protein abundance in the intestine declines after weaning, when ingested carbohydrates are converted to volatile fatty acids, but can be increased anew in adult sheep by the intraduodenal infusion of -glucose. An adaptation to feeding regimen has also been shown for Mg net absorption from the reticulorumen of sheep (Marek 1991) . Sheep which were deprived of food for 48 h reduced their rate of Mg net absorption, and while the presence of SCFA enhanced Mg absorption in the fed animals (probably through a stimulation of Mg# + \2H + exchange), the same concentration of SCFA had no effect on Mg absorption in the feed-deprived animals. However, an intraruminal infusion of n-butyrate for 10 days prior to the food withdrawal re-established the stimulating effect of SCFA on Mg absorption even in the feed-deprived animals (Marek 1991), which indicates that the efficiency of a ruminant in absorbing Mg may depend on its individual Mg intake and on its intake of other electrolytes associated with Mg absorption.
